This paper presents Reynolds-averaged Navier-Stokes calculations for a prototype Martian rotorcraft. The computations are intended for comparison with an ongoing Mars rotor hover test at NASA Ames Research Center. These computational simulations present a new and challenging problem, since rotors that operate on Mars will experience a unique low Reynolds number and high Mach number environment. Computed results for the 3-D rotor differ substantially from 2-D sectional computations in that the 3-D results exhibit a stall delay phenomenon caused by rotational forces along the blade span. Computational results have yet to be compared to experimental data, but computed performance predictions match the experimental design goals fairly well. In addition, the computed results provide a high level of detail in the rotor wake and blade surface aerodynamics. These details provide an important supplement to the expected experimental performance data.
Introduction
Recent NASA efforts have been devoted to the development of a vehicle for Mars exploration. A number of vehicle designs, including a Mars airplane and balloon designs, have been proposed for use in the exploration of Mars. Land vehicles, such as rovers, and space orbiters have already been studied. Recently, efforts have been directed towards the development of vertical lift vehicles, such as helicopters and tilt rotors, for use in Mars exploration.
Why use vertical lift vehicles for the exploration of Mars? They have the same advantages as those on Earth, and have vertical lift capabilities that are not available in other Mars exploration vehicles. The ability to hover, fly at low speeds, and take-off and land at unprepared sites gives vertical lift vehicles an advantage over other exploration methods such as the Mars airplane. Vertical lift vehicles have greater range and speed than a land rover, and will not be hampered by the rugged Martian terrain.
The Army/NASA Rotorcraft Division at NASA Ames Research Center has an ongoing effort to develop autonomous rotorcraft for the exploration of Mars. Preliminary studies of the design challenges associated with such an aircraft have been detailed in several papers [1] [2] [3] [4] . These studies have led to a NASA experiment that will test a prototype rotor in an environmental chamber that simulates the atmospheric conditions on Mars. Measurements of rotor thrust and torque will be made and micro-tuft surface flow visualizations on the rotor blades are also planned. * Graduate student, Member AIAA † Research Scientist, Senior Member AIAA ‡ Professor, Associate Fellow AIAA This material is declared a work of the U.S. Government and is not subject to copyright protection in the United States. American Institute of Aeronautics and Astronautics
In coordination with these experimental studies, the hover performance of this Mars rotor prototype has been computed using an overset-grid, Navier-Stokes CFD flow solver. Such simulations present new and challenging problems since rotors that operate on Mars will experience low Reynolds numbers and high Mach numbers. These conditions differ considerably from conventional rotor design points.
One of the objectives of this work is to examine whether traditional 2-D sectional aerodynamics methods can accurately model this Mars rotor problem. These sectional aerodynamics methods have been calibrated for conventional rotorcraft, where 2-D assumptions and rotor wake models typically work well prior to rotor stall. The Mars rotor has a unique geometry and will run in flow conditions that are outside of the validation ranges for 2-D lifting-line aerodynamics.
Recent 3-D hovering rotor CFD computations have shown good agreement with experimental performance results for conventional rotorcraft [5] [6] [7] . Unlike 2-D based aerodynamics methods, it is expected that the 3-D CFD method should also be able to accurately model the Mars rotor.
There is very little data on low Reynolds number aerodynamics and virtually none where the Mach number is high. Thus, many questions exist as to how these blades will perform in a Mars environment. The Navier-Stokes calculations will complement the experimental data, providing basic information and validated analysis tools for future Mars rotor designs.
The Navier-Stokes solver being used for this analysis is OVERFLOW-D 8 , which was developed by the Army/NASA Rotorcraft Division under Department of Defense funding. The OVERGRID package 8 was used to develop a series of overset structured grids for the Navier-Stokes CFD analysis. A more detailed description of all of this work can be found in Reference 9.
Experimental setup
The prototype Mars rotor is currently being tested at NASA Ames Research Center. The test is being conducted in a large environmental chamber, which has the ability to closely simulate the Mars surface atmospheric conditions. A comparison of Earth and Mars atmospheric properties is given in Table 1 10 . The chamber has the ability to match the Mars mean surface atmospheric pressure, which allows the experiment to match the Mars operating Reynolds number and Mach number. Figure 2 shows the Mars rotor hover test stand. Notable features include the low aspect ratio blades and the 40% root cut out to accommodate blade folding and telescoping in transport and deployment. Also, the experimental and computational studies model an isolated rotor only, while the actual design will consist of two coaxial rotors. Table 2 12 gives the complete list of the Mars rotor specifications. American Institute of Aeronautics and Astronautics 
Computational Methods
OVERFLOW-D is a scalable Reynolds-averaged Navier-Stokes solver that uses overset structured grids to accommodate complex geometries. OVERFLOW-D is based on OVERFLOW 13 , but has been enhanced to allow for moving body applications, facilitate accuracy control via solution adaption, and run efficiently on scalable parallel computers. Modifications were also made to OVERFLOW-D to facilitate the solution of hovering rotor problems. These modifications include the implementation of periodicity and the addition of two-cell grid overlaps for increased spatial accuracy 5 . The Mars rotor calculations for this paper were computed using a Lower Upper-Symmetric GaussSeidel (LUSGS) scheme with fourth-order centraldifferencing and local time stepping.
OVERFLOW-D is used in conjunction with the OVERGRID, a software package for overset gridgeneration and solution analysis. The package includes the grid generation tool called OVERGRID, which is a graphical user interface used to generate grid systems. OVERGRID performs numerous operations such as checking and processing input geometry, generating surface and volume grids, analyzing grid quality using various diagnostics, and creating input parameter files for the domain connectivity program and the flow solver. 
Mars Rotor Grid System
OVERFLOW-D discretizes the problem domain into near-body and off-body grids 14 . The near-body grids consist of curvilinear body-fitted meshes to capture viscous effects over surfaces. The off-body grids consist of uniform Cartesian meshes with varying levels of resolution. These Cartesian grids allow for high accuracy near the rotor surfaces while maintaining computational efficiency in the far field. The flow solver interpolates boundary data between adjacent overset meshes.
The near-body grid for these calculations consists of individual body-fitted curvilinear grids for the hub, spar, and rotor blade, as shown in Fig. 3 . The near-body grids for the single rotor blade contain 1,888,282 grid points.
Figure 3. Near-body grid system
The off-body grid system in OVERFLOW-D uses uniform Cartesian grids that surround the near-body grids with varying levels of resolution. The grids become coarser as the outer computational boundary is approached. The off-body grid system for the Mars rotor is shown in Figure 4 . The off-body grids contain 6,376,292 points that are distributed in four levels of spacing, where the grid spacing doubles with each successive level. Figure 4 shows the four off-body grid levels. The "∆s" represents the grid spacing within level one, and the corresponding grid spacing for each successive level is indicated in the figure. This scheme allows the outer grid boundaries to be located far away from the rotor with an efficient distribution of grid points.
Periodicity has been implemented in OVERFLOW-D and this allows a four-bladed rotor system to be modeled with a single rotor blade. Thus, the size of the computational domain can be reduced by a factor of four. The total calculation consists of 21 total grids and 8,264,574 total grid points. 
2-Dimensional Calculations
Prior to carrying out the 3-D rotor calculations, a 2-D Navier-Stokes CFD analysis of the Eppler 387 airfoil was completed. These 2-D calculations were done using ARC2D, a 2-D Navier-Stokes flow solver 15 . The computational grid used for these calculations is shown in Figure 5 . Fine viscous spacing was used at the wall with the first grid point located at y + <1 for all of the 2-D and 3-D computations.
ARC2D calculations were initially run at the experimental conditions of Mach number 0.5 (corresponding to the three-quarters span location of the rotor blade) and Reynolds number 50,000, for a series of angles of attack. Cases were run fully laminar, transitioned and fully turbulent. The transitional cases were simulated by specifying a turbulent region for all chordwise locations beyond a fixed transition point (typically 25% of chord). Figure 6 shows the density contours for the laminar flow case at zero degrees angle of attack. Note that unsteady vortices are being shed off the trailing edge of the airfoil.
This unsteadiness is consistent with recent observations by Mayda et al. 16 in a wind turbine airfoil study. They found that unsteady calculations on the Eppler 387 airfoil resulted in high frequency unsteadiness. When time averaged, the results agreed well with experimental data. They also found that this trailing edge unsteadiness did not cause a large drag penalty. The transitioned and turbulent cases exhibited a separated region near the trailing edge of the airfoil. However, the large eddies that were seen in the laminar case were not present.
Figure 6. Eddies shed off trailing edge of Eppler 387 in laminar calculation (density contours)
In addition, ARC2D calculations were also completed for comparison with low Reynolds number experimental data obtained for the Eppler 387 airfoil in the NASA Langley Low-Turbulence Pressure Tunnel (LTPT) 11 . Figure 7 compares the calculations and experimental data for a series of Reynolds numbers.
In Fig. 7 , the ARC2D calculations match the experimental data more closely as the Reynolds number increases. The cause of this behavior stems from the transitional flow and separation bubbles that occur at these low Reynolds numbers. It was not expected that the ARC2D calculations would be able to match the data at transitional Reynolds numbers as this type of flow is typically very difficult to predict. Unfortunately, the Martian rotorcraft will operate at or near these transitional Reynolds numbers.
3-Dimensional Calculations
Hovering rotor OVERFLOW-D solutions were computed for a series of collective pitch angles. Cases were run as fully laminar, transitioned, and fully turbulent, at a hover tip Mach number of 0.65 and a tip Reynolds number of 50,000. As in the ARC2D calculations, boundary layer transition was modeled by specifying turbulent flow in the region aft of a prescribed transition point.
Results for the transition case use an 8.4 degrees collective pitch. This 8.4 degres angle is the estimated collective pitch required to produce a thrust coefficient greater than 0.1 and a hover figure of merit greater than 0.4. For rotors, the figure of merit represents the ratio of ideal to actual power required for hover The 8.3M grid point computations were run on 32 processors of an SGI Origin 2000 parallel computer. Overall thrust on the rotor was used as the measure of convergence to steady-state for the computation. All cases, laminar, transitional and turbulent, converged to approximately the same steady-state thrust coefficient. This steady-state behavior contrasts with the unsteadiness in the 2-dimensional analysis. show poor agreement. This is due to the existence of a laminar separation bubble on the airfoil, as indicated by the flat region on the plot of the experimental pressure coefficient. The CFD code used in the 3-D rotor computations is unable to predict laminar separation bubbles, so it was not expected that the 3-D calculations would match the 2-D data. CFD codes, at present, are not able to predict low Reynolds number aerodynamics very well, as we showed with the ARC2D solutions. An examination of the flow near the surface of the blade, however, shows that the behavior of the flow may be altered due to rotational and 3-D effects. This effectively produces a flowfield that appears to be similar to higher Reynolds number results. Therefore, the calculations may be more accurate than one would expect. In addition, one must be careful in inferring too much about rotor performance from 2-D airfoil calculations or experiments at these low Reynolds numbers. Figure 10 shows the trailing edge flow details at the three-quarter span location of the rotor blade for both the laminar and turbulent cases. Both cases exhibit a steady thin region of separated flow, which is slightly thicker in the laminar calculation.
Figure 10. Velocity vectors near the trailing edge for (a) laminar and (b) turbulent calculations
Compared to the 2-D calculations, the 3-D boundary layer is thinner and steadier. Figure 11 shows the flow on the surface of the blade for both the laminar and turbulent cases. In both cases, rotational and 3-D effects cause a radial outflow near the blade surface in the separated regions. This radial outflow extends from the blade root to the blade tip, where it is absorbed by the tip vortex.
The thinning of the boundary layer and radial outflow are consistent with the stall delay phenomenon that is often seen in propellers and rotors. Harris 18 observed this phenomenon in the 1960's in a general study of radial flow effects on rotating blades. Since then, this phenomenon has been seen, both experimentally and computationally, in studies involving tilt-rotor blades 18 , wind turbine blades 19 , and highly twisted rotors 20 . However, due to the low Reynolds number, the phenomenon seen for the Mars rotor is more pronounced and more extensive than that seen for the rotors used in these past studies.
In each study where this discrepancy between 2-D and 3-D predictions occurs, there are two main observations: (1) rotational effects allow the flow on the surface of the blade to remain attached longer and (2) radial flow due to rotation thins the separated boundary layer.
The first observation is referred to as stall delay, and this phenomenon is modeled in many comprehensive rotor analysis codes. In these models, the stall is delayed even when the 2-D airfoil data indicate stall.
The second observation describes more of a stall modification than stall delay, and this is the dominant phenomenon for the 3-D Mars rotor calculations. The rotational and 3-D effects on the rotor cause a thinning of the separated boundary layer, which stabilizes the overall flowfield and accounts for the differences between the unsteady 2-D and steady 3-D computed results. Figure 12 shows performance predictions for the Mars rotor in hover for a series of collective pitch angles. All of the cases, fully laminar, transitioned and fully turbulent, produced approximately the same performance results. Note that, while a series of laminar and turbulent cases were completed, only one transitioned case was run. It seemed unnecessary to run the transitioned case for the various collective pitch angles due to the similarity in the performance results for the fully laminar and fully turbulent cases.
The design points shown in Figure 12 were computed using blade element momentum methods. Note that the computed thrust coefficients and figures of merit are slightly higher than the design point. Figure 13 shows a section of the computed vortex wake system for the Mars rotor. This picture shows that the computations have captured a number of individual tip vortices, as well as their corresponding vortex sheets. Also, this vortex wake system exhibits unique characteristics that are not typically seen in rotor wake systems. Due to the 40% root cut out, a strong root vortex is present. Also, there is minimal wake contraction, which probably results from the low disc loading and the presence of the root vortices. 
Summary and Conclusions
This paper presents Reynolds-averaged NavierStokes calculations for a prototype Martian rotorcraft. The first step in this analysis was the creation of an overset grid system. This grid was used in the present study, and may be used again for future computational studies of this rotor system. Solutions for hovering rotor performance at Mars experimental flow conditions were produced for a series of collective pitch angles. These simulations present results for a unique operating environment for rotorcraft. Rotors that operate on Mars will experience low Reynolds number and high Mach number aerodynamics, a combination not typically seen in rotorcraft. This is an area that has not yet been investigated until recently, and the CFD results provide insight into the physics of these flows. In addition, the CFD results have already proven useful as an aid to the experimentalists in their pre-test planning.
Computational results for the Mars rotor show significant three-dimensional effects. Most likely, these 3-D effects can't be modeled in a predictive way with 2-D sectional aerodynamics methods. Examples of these 3-D effects are the stall modifications due to rotation, and the presence of strong root vortices at the blade cutout. These root vortices contribute significantly to the inflow from the rotor wake and tend to diminish the wake contraction.
In the near future, the computational results will be compared to the experimental data, and these comparisons will provide an assessment and validation of these CFD tools for use in future Mars rotor designs. American Institute of Aeronautics and Astronautics
The rotor that was designed for the hover test was simply a proof-of-concept design. Future computational efforts will test possible design changes in order to improve performance. In addition, the CFD calculations will also be useful to help extrapolate the experimental data to the true Martian atmosphere.
